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SECTION 1

INTRODUCTION AND BACKGROUND

The application of composite materials to primary aircraft
structures requires proven certification procedures to demon-
strate their structural integrity. The crux of certitication
methodecloyy 1is to demonstrate adequate static and fatigue
strength by analysis and test. Application of the metallic
certification data base to composite structures is limited by the
inherent differences between composites and metals. Composites
have a more linear load-strain response, a greater sensitivity to
stress concentrations and environments, higher data scatter and a
multiplicity of potential failure modes.

Current practice is to carry out an extensive design
development test effort to:

1. Establish environmental and scatter knockdown for
strength critical failure modes, and

2. Validate critical design features.

These tests are conducted at the coupon, element and subcomponent
levels. Following these tests, certification culminates in room
temperature ambient full-scale static and fatigue tests.

Usually, only one a-*icle is available for each test.

|
In order to nave confidence in the certification compli- {
ance of full scale tests, it is imperative to be able to quanti- l
tatively interpret the test data generated. This is achieved by
using the design development data not only in their traditional
role in design development but also in the interpretation of

full-scale test data.

Current certification practices do not provide an overall
testing methodology for the planning and guantitative interpre-

tation of design development and full-scale test data.
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The objective of this program is to develop a certifica-
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Specifically, the methodology will account for the effects on
strength, life, and the scatter in strength and life of variation
in structural configuration and comple: ity, stress or strain
level, mixed composite-metal structure and fatigue spectrum
shape. Test requirements and procedures for interpreting test

resilts will be defined for the certification of fu+nre composite
aircraft structure.

The program is composed of four tasks:

® TASK T - SCATTER ANALYSIS

@ TASK II -~ CERTIFICATION APPROACH DEVELOPMENT/EVALUATION
e TASK III - METHODOLOGY DEVELOPMENT

e TASK IV - METHODOLOGY DEMONSTRATION

During Task I, existing composite static strength and
fatigue life data are analyzed statistically to determine the
influence of different test parameters on the scatter of compos-
ite data. The test variables included are: laminate lay-up,
specimen type, loading mode, faiiure mode and test environment
for both the static and fatigue data; in addition, stress level,
stress ratio, spectrum variation and spectrum shape are investi-
gated for fatigue data. The effects of each variable on static
strength and fatigue life data scatter are established by per-
forring statistical tests of significance. As a result of this
task, guidelines tc use the composite data scatter in structural
certification are recommended and these guidelines are applied in
the subsequent tasks of the program.

In Task II, various approaches to composite structure
certification are analytically evaluated. The approaches evalu-
ated are:

1. Scatter factor approach
2. Load enhancement factor approach
3. Ultimate strength approach

4. Change in spectrum approach

2
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The capability, advantages, disadvantages of each approach
to determine minimum (B-Basis) and mean life and/or strength are
fully evaluated. Effects of these approaches on the certifica-
tion procedure of composite~metal mixed structure are also
investigated. The conclusions of this evaluation are then used
in the methodology development.

A methodology for certification testing of composite
structures is developed in Task III. The methodology is based on
the results of the evuluation in Task II and the scatter analysis
in Task I. The number and types of tests required at each level
(coupon, element, subcomponent, component, and full-scale) of

testing are defined. Test data interpretation methodology is
also developed. As part of this task, a detailed description of
the developed methodology is presented. This description

includes detailed instructions for application and utilization of
the methodology within the overall developmental process to
satisfy design service life requirements for aircraft utilizing
composite structures. The description also includes application
of the methodology in an aircraft design/development program and
determine the effects on service life resulting from usage change
of an aircraft after its introduction into the fleet.

In Task IV, the methodology is demonstrated on an exist-
ing composite structure. The full-scale wing and fuselage compo-
nents from the Composite Wing/Fuselage Program (Reference 1) are
selectad for this demonstration purpose. The results of the
tests that have been performed on these demonstration articles
are reevaluated using the methodology developed in Task III.

The scatter analysis methods and results of static
strength and fatigue life data analysis are discussed in Volume
I. Details of Task II - Certification Approach Develop-

ment/Evaluation, Task III - Methodolecgy Dev-~lopment and Task IV -
Methodology Demonstration are given in Volume II. Recommen-
dations and certification testing requirements are also docu-
mented in Volume II. Computer programs to evaluate structure

reliability are appended to Volume II.
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SECTION 2

SCATTER ANALYSIS METHODS

During the last two decades, the Navy and Air Force have
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generated a large amount of static and fatigue data on compos-
ites. These data have indicated that composites exhibit higher

data scatter than their metallic counterparts in both static

g
'-’-‘-

strength and fatigue life. In order to interpret this composite
test data base in a meaningful manner and fully exploit its
implications for future aircraft structure design and certifica-
tion, it is necessary to use statistical methcds of analysis.

PR P s

The analysis methods are discussed in the following paragraphs.

il
5

The results of static strength data analysis are given in Section

Y

3 and the results of fatigue life data analysis are presented in
Section 4.
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e
h

2.1 Two-Parameter Weibull Distribution

L S 4

o}

Several probabilistic distributicns have been used in the
past to describe the distribution of static strength, fatigue
life and residual strength data of composites. Among these
distributions, the three most commonly used have been:

1. The normal,
2. The log-normal distributions, and

3. The two- or three-parameter Weibull.

The two-parameter Weibull distribution is selected for

\'I &

data interpretation in this program for the following reasons:

1. The distribution is expressed in a simple functional

<X

AR

form and easy to apply.

2. The distribution describes composite static and
fatigue test data well and has been widely accepted
for composite statistical data analysis.

3. Standard tables and computing routines are available.
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4. Data can be interpreted on a sound physical basis, so
that A-Basis and B-Basis allowables determined for
static strength are more reliable.

5. Censoring techniques and pooling techniques are fully
developed and verified.

6. Hypothesis testing methods for statistical signifi-
cance are available and verified.

The two-parameter Weibull distribution is given by the
probability density function:

a-1 a
D(x; a,fB) = %’(’é—) e~ (XIB) (1)

or by the cumulative survival probability function

p(X <x) = e"(X/ﬁ)a (2)

where
X is the random variable,
a is the shape parameter,
B is the scale parameter.

The mean and standard deviation of a Weibull population
can be expressed in terms of a and f as

w-p (% J
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where
u is the population mean,
0 is the population standard deviation
[ is the Gamma function.

For a given set of data, the shape and scale parameters of
the Weibull distribution must be estimated. Some of the tech-
niques used for determining these estimators are:

1. The maximum likelihood method,
2. Moments method, and
3. Least squares method.

The maximum likelihood method (MLE) was selected to esti-
mate the parameters, because it is derived directly from the
maximum likelihood functions and does not require any biased data
fitting and, therefore, unique values of a and {3 can be ob-
tained. The MLE method involves the solution of two algebraic
equations given by

Ng
}E x In x, 28 In x,
- i=l 1 _i=1 1

; 7
gxl f

(5)

and
Ao (1 %, .a\a
B = n; > X (6)
=1
where xj is the data value
n is the total number of data points
nf is the total number of failures
A A
; and a and are the estimators.
n
N
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Equations (5) and (6) are applicable to both complete
(nf = n) and censored (nf < n) samples. The value of d is deter-
mined by solving Equation (5) using an iteration scheme and 6 is
obtained from Equation (6).

In order to determine the allowable statistics, an inter-
val estimate of the parameters must be first carried out. For a
Weibull distribution with known shape parameter, it has been
shown (Reference 2) that the scale parameters of random samples
form a chi-square (x2) distribution. The 7 level of confidence
for the scale parameter (5) is then given by

¥ . 8
TR 20/ (2m) g

(7)

where X%;ﬁﬂn) is the value of chi-square function with 2n degree-
of-freedom at 1-~7 probability. The allowable statistics (N) can
now be determined as

A

N = 5 (-In p)I/a (8)
or
]1/&
A -
=f ———P— (9)
where

p is the desired probability of survival,
p = 0.90 and ¥ = 0.95 for B-basis and
p =0.99 and Y = 0.95 for A-basis.

A typical probability plot of the Weibull distribution of static
composite strength is shown in Figure 1, which also shows the
0.95 confidence interval of [ and the B-basis allowable.
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In addition to the above statistics, a scatter fazcor is
defined as the ratio of the mean and allowable (p/ﬁ). Such a
factor signifies the relation between the central tendency of a
data set (the mean) and the extreme statistics (the allowable).
The value of this factor depends upon the shape parameter (a) and
the sample size (n). A typical plot of u/ﬁ as a function of
a for a sample size of five is shown in Figure 2.

A computer program has been written to compute the scale
and shape parameters and the B-Basis allowables. The program
listing as well as the input and output descriptions are given in
the Appendix of Volume II.

2.2 Data Pooling Techniques

The two-parameter Weibull distributions, discussed in the
previous subsection, is selected as the basic analytical tool for
scatter analysis. The application of Weibull distribution to
determine the allowable statistics with adequate confidence
requires a sufficiently large number of test data point for each
individual test condition. However, in most of the published
composite research and development programs, fatigue data were
generated at three or four stress levels with approximately three
specimens tested at each stress level. These type of data are
not adequate to determine the fatigue lifetime scatter at each
stress level using the individual Weibull analysis. Therefore,
in addition to the basic two-parameter Weibull analysis, two
pooling techniques were selected for fatigue data scatter analy-
sis in order to include this type of data in the scatter analysis
data base. The objective of both techniques is to analyze the
fatigue data obtained at all stress levels as one data set. This
provides, an adequate number of data points for an accurate sta-
tistical analysis.

The two pooling techniques selected were the Joint Weibull
analysis and the Sendeckyj equivalent strength model (Reference
3).
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rl 2.2.1 Joint Weibull Analysis

In the Joint Weibull analysis, M groups of data having a
common shape parameter (a) but different scale jyarameters () are
pocled. Applicaticn of this pooling technique to comnposite
fatigue life data analysis makes the assumption that the indi-
vidual a value is independent of the fatigue stress level., This
assumption has been justified by the results of the individual
Weibull analysis of fatigue data in Reference 4. A typical
result is shown in Figure 3, which indicates that no definite
relation exists between the Weibull shape parameter (a) and the
normalized fatigue stress level, Pp/Pg.

The shape (a) and scale (f(3) parameters of the Joint
Weibull distribution are obtained by the joint maximum likelihood
estimate method. This analysis is similar to that used for the
basic two-parameter Weibull analysis which was discussed in
Section 2.1. However, the joint maximum likelihcod estimate is

applied to M groups of data (e.g., fatigue stress levels) by
assuming their shape parameters are not significantly different.

S . . . .
N The estimatecrs are obtained by sclving the equations:
M
- b .
N n n,.
i fi
A
v |2 x8m x, z (10)
=1 Tij 5 (.M _ ]—1 J
1=1 Ny a a i=1 N
X,
and 1 ij
&- n. A !
;._ N 1 i a 1/a (11)
X bi = |as & x§
W fi j=1 |
K
i‘ where
Ez nj (i=1,2...,M) is the number of data points in

5y
)

the ith group of data,

>y

nej (i=1,2...,M) is the number of failures in the

ith group of data.
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The pooled shape parameter (Ap) is determined from Equa-
tion (10) by iteration. The scale parameter () for each group
(at each stress level) is then directly computed from Equation
(11) . The mean and the B- and A-Basis allowables are determined
for each individual group by using Equations (3) and (9). The
standard deviation and scatter factor are constant for all
groups. The standard deviation is computed by using Egquation
(4) .

2.2.2 Sendeckyi Equivalent Strength Model

The second pooling technique selected was the Sendeckyj
equivalent strength model, which is presented in detail in Refer-
ences 3, 5 and 6. The basic Sendeckyj model (Re.erence 3) uses
two fitting parameters to analyze pooled static strength, fatigue
life and residual static strength data. All three types of data
are converted to equivalent static strengths (ag) through a wear-
out equation and a fatigue power law. The equivalent static

strength is then fitted to the two-parameter Weibull distribu-
tion.

Recently, Sendeckyj (References 5 and 6) has extended the
two parameter model to include the R-ratio effect in fatigue data
scatter analysis. Essentially, through the addition of a third
parameter in the wear-out equation, fatigue data obtained from
several R-ratios can be collapsed onto one stress-life plot.
Thus, an overall scatter parameter can be obtained which includes
the R-ratio effect. However, the application of the three param-
eter model is limited to analyze fatigue data with positive R-
ratio. Therefore, only the basic two-parameter model is used in
the present program.

The wear-out equations used in the basic Sendeckyj model
is given by

- 1/8
Oy, = g, |(0./0)) t(N-1)C (12)

14
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. where
n\"
(e is the equivalent static strength, .
o Ua is the maximum applied cyclic stress,
N Uy is the residual strength
.
i
N is the number of fatigue cycles
3§ S and C are fitting parameters
)
by
*% The fatigue power law is obtained from the wear-out equation by
' setting 05 = 0y, thus
."‘\. S
S
‘:.‘;: g, (1 -C+CN)" =g, (13)
o
i
()
N

where 0y is the static strength.

The basic Sendeckyj analysis calculates the scatter in
equivalent static strength (not fatigue 1life). Through proper
transformation of the probability function, it can be shown
(Reference 3) that at each individual stress level, the fatigque
life distribution (ajp) is also a Weibull distribution with a
shape parameter

e e F v

R ) ‘ “
. s T .
Pl PP

v

oy
1 1

ap & Sa (14)

where a, 1is the Weibull shape parameter of the equivalent

strength population and aj is the shape parameter of the fatigue
life distribution.
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Figure 4 shows an example comparing the B-basis 1life
determined from the individual Weibull analysis, pooled Weikull
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analysis and Sendeckyj analysis. For the individual Weibull
analysis, the ratio of B-basis 1life to mean Weibull 1life is
=8 different for each stress level. The Joint Weibull analysis
N produces a constant ratio of B-basis life to mean Weibull 1life
e for all stress levels. The Sendeckyj analysis calculates the
P ratio of B-basis equivalent static strength to mean Weibull
N equivalent static strength, which then translates into a constant
T
g; ratio of the B-basis stress life curve to the mean Weibull stress
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life curve. Specific advantage of the Sendeckyj analysis is
that, through its assumption of the mathematical form of the
wear-out eqguation, it provides a mathematical function for the
B-basis stress life curve. The data analysis example in Figure 4
shows B-basis life calculations. It should be noted that any
statistical gquantity (e.g., A-basis) can be calculated by the
three analysis methods.
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2.3 Statistical Significance Tests

ExAspns: </

The procedures for comparing two Weibull distributions
have been discussed in Reference 7 through 11l. Standard tables
for statistical hypothesis testing of significance were generated
in these references. In this program, the Weibull parameters
determined for each test condition was statistically tested for
their significance. In this manner, the significance of the
effects of each test parameter on data scatter was defined and an
allowable factor will be established for each test conditien.
The factors obtained can then be used with confidence for test
data interpretation.

A
L)

Y,
ot a

a

SO

The equality of both the shape parameter and scale param-
eter for two Weibull distributions was tested. For the shape
parameter, the null hypothesis to be tested is

Hy : al = a2 (14)
against the alternative hypothesis

Hy : oa, = a, (15)

where a3 and aj; are the shape parameters of the two Weibull
populations being compared.

At a level of significance 7, the null hypothesis Hy is
rejected (i.e., the difference in a is significant) if
A
a

X

a>
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where [y depends on the significance level Y and the sample size.
A Values of 17 are given in Reference 8 in tabulated form. These

values are used in the program for the test of equality of the
Weibul)l shape parameters.

The test of equality of Weibull scale parameters is simi-
lar to that of the shape parameters. The null hypothesis

HO: ﬁl = 62 (17)
is tested against the alternative hypothesis
Hat B = 52 (18)
The null hypothesis Hy is rejected at a level of significance, ,
if
6
max
u = A > g (t')f) (19)
Prnin

where t4 depends on the significance level, Y, and the sample
size. Values of t are also available in Reference 8. The
function g(ty) is a function of the average shape parameter g and
ty and is given by

g (t,) = exp (ty/a)
(20)

where

— I N
a-—(al+<a2)/2£

The hypothesis testing procedures described above is

applied to compare the scatters of static and fatigue data. A

significance level of Y= 0.95 has been selected for these tests.
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SECTION 3

STATIC DATA ANALYSIS

In extensive composite static strength data base exists in
the l.iterature. From this data base, the data in References 4
and 12 through 15 have been selected to determine static strength
data scatter. Data source selection was based on two criteria:
first, a minimum number of six data points per data set is re-
quired to permit accurate statistical analysis. Second, that the
data cover a wide range of test variables such as loading mode,
load transfer, laminate layup, specimen type and test environ-
ment. The data from References 4 and 12 through 15 yielded 71
separate data sets, which contained approximately 1500 data
point.

The analysis is conducted in three phases. First, the
static test data from Reference 4 ("Navy" data) are analyzed in
detail. Second, the extensive static test data in References 12
through 15 ("Baseline" data) are analyzed. Third, the Navy and
Baseline data sets are pooled to form a "Combined" data set for
overall statistical analysis. The results of these analyses are

presented in the following paragraphs.

3.1 Navy Data

The Navy static test data in Reference 4 represent a large
variety of test variables, which are summarized in Table 1. For
increased accuracy in the statistical analysis, only data sets
containing six or more data points were used. This excluded the
complex test specimen data from the overall analysis, because it
was based on three replications. Table 2 and Figures 5 through 8
present the results of the statistical analysis in terms of four
variables: loading mode, test environment, specimen geometry and

laminate lay-up.

Figure 5 shows that, for all test data, tension loading
tests data have a higher Weibull shape parameter, a , (less scat-

ter) than compression test data. However, Figure 5 also shows

19
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that this effect is most pronounced under RTD test conditions.

&?\ Figure 6 shows that, for all test data, the RTD data have a
E. higher a (lower scatter) than the ETW data. However, Figure 6
t;} also shows that this effect is again most pronounced under ten-
3%3 sion loading. Figure 7 shows that the no-load transfer, interme-

diate load transfer and high load transfer specimens exhibit
similar scatter. Although the complex specimen test data were

not included in the overall analysis, data are shown in Figure 7

2

P gov

-
for comparative purposes. It can be seen that the complex speci-

men exhibits the lowest scatter of the four specimen configura-
tions. Figure 8 shows that the (48/48/4) lay-up test data have a
lower a (higher scatter) than the other two lay-ups.

*
[4

¥y ¥ ¥
>
1“}

Eé; Statistical significance checks are conducted to determine
s if the trends in a observed in Figure 5 through 8 were signifi=-
’ cant at the 95-percent significance level. Statistical signifi-
$; cance tests were conducted on both the Weibull shape

parameter, a, and the scatter in a (as measured by coefficient
of wvariation) for each data set. The results of these

significance checks are presented in Tables 3 through 6.

The significance tests on a show that no significant
difference exists between the a values for any of the test varia-
bles., Thus, the trends in Figures 5 through 8 discussed above
cannot be substantiated statistically. The reasons for this are

P il ol ¥

twofold. First, the number of data points in most of the data

LA
et

— Y,
&L

sets 1s relatively small and, second, large variability in

g?; values (C.V.'s = 21% to 62%) is observed in each data set. Since |
f{% ] no significant difference exists between the a values, the data
ﬁii base can be treated as one data set. The overall distribution of |
igﬁ the Weibull shape parameters for all 29 Navy static data sets is
Ei! shown in Figure 9. A Weibull analysis is performed on these a's.
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The following values of a are determined:

ey Yy

A Mean a = 26.1
%&\.:{
D Modal a = 18.0
5\% B-Basis a = 8.4
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TABLE 3. SUMMARY OF SIGNIFICANCE TESTS FOR

NAVY STATIC TEST DATA BY LOADING MODE.

0.95 SIGNIFICANCE

SAMPLE A SAMPLE B SHAPE VARIASBILITY

PARAMETER C.V.

o %

RTD TENSION ETW TENSION NO NO
RTD TENSION ALL TENSION NO NO
ETW TENSION ALL TENSION NO NO
RTD TENSION ALL STATIC NO NO
ETW TENSION ALL STATIC NO NO
RTD TENSION RTD COMPRESSION NO NO
ETW TENSION ETW COMPRESSION NO NO
ALL TENSION ALL COMPRESSION NO NO
RTD COMPRESSION [ETW COMPRESSION NO NO
RTD COMPRESSION | ALL COMPRESSION NO NO
ETW COMPRESSION|ALL COMPRESSION NO NO
RTD COMPRESSION |ALL STATIC NO NO
ETW COMPRESSION|ALL STATIC NO NO
ALL TENSION ALL STATIC NO NO
ALL COMPRESSION | ALL STATIC NO NO

TABLE 4. SUMMARY OF SIGNIFICANCE TESTS FOR NAVY
STATIC TEST DATA BY TEST ENVIRONMENT.

0.95 SIGNIFICANCE

SAMPLE A SAMPLE B SHAPE VARIABILITY
PARAMETER c.v.
a %
RTD ETW NO NO
RTD ALL NO NO
ETW L ALL NO NO

27
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TABLE §. SUMMARY OF SIGNIFICANCE TESTS FOR NAVY
STATIC TEST DATA BY SPECIMEN TYPE.

0.65 SIGNIFICANCE
SAMPLE A SAMPLE B SHAPE VARIABILITY
PARAMETER C.V.
o %
NO L/T INT. L/T NO NO
MO L/T HIGH L/T NO YES
INT. L/T HIGH L/T NO YES
NO L/T ALL NO NO
INT. L/T ALL NO NO
HIGH L/T ALL NO NO

TABLE 6. SUMMARY OF SIGNIFICANCE TESTS FOR
NAVY STATIC TEST DATA BY LAY-UP

0.95 SIGNIFICANCE
SAMPLE A SAMPLE B SHAPE VARIABILITY

PARAMETER C.v.

o %

(48/48/4) (25/67/8) NO NO

(48/48/4) (16/80/4) NO NO
(25/67/8) (16/80/4) NO YES

: (48/48/4) ALL | NO NO
: (25/67/8) ALL NO NO
L (16/80/4) | ALL NO NO
24
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The signiticance tests on the variability in a values also
showed that, in general, the variability in a is not signif-
icantly different at the 95-percent significance level. However,
the results in Table 5 show that the variability in a for the
high load transfer specimen data is significantly lower than the
no-load transfer and intermediate load transfer specimen test
data. In addition, Table 6 shows that the variability in «
values for the (25/67/8) lay-up is significantly lower than the
(16/80/4) lay-up a values,

3.2 Baseline Data

The second phase of the static test data analysis was to
determine the scatter in the extensive data in References 12
through 15, This is termed the Baseline data set. In Reference
12 the specimen used was 1.0-inch wide and 1.0-inch long in the
test area with 3/16-inch hole at the specimen center. The hole
was filled with an unloaded bolt. Hercules AS/3501-5A graph-
ite/epoxy laminates with four different lay-ups were tested; the
lay-ups were:

1. S-ply (0/+45/90)¢g

2. 8-ply (0/+45/0)g

3. lé-ply [(0/+45/90)g)2, and
4. 16-ply [(0/445/0)g]2-

Test data were obtained for both static tension and com-
pression strength under RTD, ETD, RTW and ETW envircnments.
Fifteen specimens were tested at each test condition. In Refer-
ences 13 and 15 two T300/934 graphite/epoxy laminates were test-
ed. The laminate lay-ups were 1l6-ply (0/45/90/-455/90/45/0)g and
24-ply, (0/45/05/-45/05/45/05/-45/0)g. The specimens tested wvere
0.875-inch wide and 5.5 inches long in the test area, with ox
without a 0.25-inch diameter central open hole. Both tension and
compression static strength data were obtained under RTD, ETW
environments. At least 15 specimens were tested at each test
condition. Test data from Reference 14 were obtained »n high

load transfer bolted joint spec¢imens. The laminate at the join-
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NADC-87042-60

ing area was 48-ply or 74-ply AS/3501-5 graphite/epoxy. The test
environments were RTD, RTW, and ETW. Ten to twenty specimens
were tested at each test condition.

The results of the scatter analysis for Baseline test data
are presented in Table 7 and Figure 10, which show the influence
of loading mode and environment on the Weibull shape
parameter, a . The trend 1is similar to that observed in the
Navy static test data. That is, tension loading and RTD/RTW test
conditions again show higher a values and lower data scatter.
These trends are also tested for significance at the 95-percent
significance level and the results are summarized in Table 8.
The significance checks on a show that significant difference.
exist between the scatter in tension and compression data for
both the RTD and ETW test environments. 1In addition, significant
differences also exist between tension data scatter for the RTD
and ETW environments. The significance checks on variability
in a show that the ETW tension data have significantly lower
scatter than the other static test data.

The overall distribution of the Weibull shape parameters

for the Baseline data sets is shown in Figure 11. A Weibull
antalysis is performed on these a's. The following values are
determined:

Mean a = 21.2

Modal a= 22.0

B-Basis a= 9.2

Figure 12 shows a comparison of the overall distribution
ot the Weibull shape parameters for the Navy and Baseline data
sets, The Navy a values show a more dispersed distributicn

compared to the Baseline values.

3.3 Conmpined Data

The third phase of the analysis 1is to analyze the data

scatter in the pooled Navy and Baseline data sets. This is
termed the Ccmbined data set. The results of this analysis are
31
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TABLE 8. SUMMARY OF SIGNIFICANCE TESTS FOR BASELINE
STATIC TEST DATA BY LOADING MODE AND ENVIRONMENT.

0.95 SIGNIFICANCE

SAMPLE A SAMPLE B SHAPE VARIABILITY
PARAMETER C.v.
o %
RTD/RTW TENSION|ETW TENSION YES YES
RTD/RTW TENSION [ALL TENSION NO NO
ETW TENSION ALL TENSION YES YES
RTD/RTW TENSION ALL STATIC NO NO
ETW TENSION ALL STATIC NO YES
RTD/RTW TENSION [RTD/RTW YES NO
COMPRESSION

ETW TENSION ETW COMPRESSION YES NO
ALL TENSION ALL COMPRESSION YES NO
RTD/RTW ETW COMPRESSION NO NO

COMPRESSION

RTD/RTW ALL COMPRESSION NO NO
COMPRESSION ‘

ETW COMPRESSION |ALL COMPRESSION NO NO
RTD/RTW ALL STATIC NO NO

COMPRESSION

ETW COMPRESSION |ALL STATIC YES | NO

ALL TENSION ALL STATIC NO NO

ALL COMPRESSION|ALL STATIC YES NO
34
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FIGURE 12. COMPARISON OF OVERALL DISTRIBUTION OF

SCATTER IN NAVY AND BASELINE c™*TiC
STRENGTH DATA.
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presented in Table 9 and Figure 13. The results again show that
tension loading and the RTD/RTW environment exhibit higher wvalues
and, therefore, lower scatter. The trends observed in Figure 13
are also tested for statistical significance to the 95-percent
significance level. The results are presented in Table 10 which
show that the trends observed in Figure 13 for tension loading
and the RTD/RTW environment are statistically significant at the
95-percent significance level.

Additional significance tests are conducted between the
Navy and combined static test data sets. The results are pre-
sented in Table 11 and indicate no significant differences be-
tween the two data sets. The overall distribution of the Weibull
shape parameters for the combined data set is presented in Figure
14. A Weibull analysis is performed on these a's. The following
values of g are obtained:

Mean a = 23.2
Modal a = 20.0
B-Basis a = 8.8

A comparison of the Mean, Modal and B-Basis values for the
Navy, Baseline, and combined data sets is given in Table 12.
These values indicate that the distribution of the Weibull shape
parameter (a) for the three data sets are similar.
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N TABLE 10. SUMMARY OF SIGNIFICANCE TESTS FOR
N COMBINED STATIC TEST DATA
X ~
T 0.95 SIGNIFICANCE
! SAMPLE A SAMPLE B SHAPE VARIABILITY
3 PARAMETER C.v.
o o %
"
Wy RTD/RTW TENSION|ETW TENSION YES NO
" RTD/RTW ETW COMPRESSION NO NO
~ COMPRESSION
RTD/RTW TENSION|RTD/RTW YES NO
"~ COMPRESSION
! ETW TENSION ETW COMPRESSION NO NO
@ﬁ RTD/RTW TENSION |ALL STATIC YES NO
>

" ETW TENSION ALL STATIC NO NO
’ RTD/RTW ALL STATIC NO NO
> COMPRESSION
,‘"(.‘
2 ETW COMPRESSION|ALL STATIC NO NO
oy
, ALL TENSION ALL COMPRESSION YES NO
X ALL TENSION ALL STATIC NO NO
gi:' ALL COMPRESSION ALL STATIC NO NO |
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TABLE 11. SUMMARY OF SIGNIFICANCE TESTS BETWEEN NAVY
AND COMBINED STATIC TEST DATA.

0.95 SIGNIFICANCE

COMBINED DATA NAVY DATA SHAPE VARIABILITY

PARAMETER Cc.v.

o %

RTD/RTW TENSION |RTD TENSION NO NO

ETW TENSION ETW TENSION NO NO

RTD/RTW RTD COMPRESSION NO NO
COMPRESSION

ETW COMPRESSIONETW COMPRESSION NO NO

ALL TENSION ALL TENSION NO NO

ALL COMPRESSION ALL COMPRESSION NO NO

ALL STATIC ALL STATIC NO NO

TABLE 12. SUMMARY OF WEIBULL ANALYSIS FOR
STATIC TEST DATA SETS.

WEIBULL SHAPE PARAMETER @
DATA SET
MEAN MODAL B-BASIS

NAVY 26.1 ! 18.0 8.4
BASELINE 21.2 I 22.0 9.2

q
COMBINED 23.2 | 20.0 8.8

|

41

-
uuuuuu

! + A - T M rra
”(—L‘kn‘1-rn\\}(4f- .W,:" hiALuALiuAAKn{"{NAd&J \“I{Ai—"mh’mﬂl*}l‘l’nI\u’i‘.‘l“‘}%‘}}f n.:h\" \y}l{x 'Af%%& lij




1
|
3

A A
-
o'

SRt

N

A
G

Viva H1i9D9N3Y1S DILVLS G3NIGBWOD NI H311¥OS 40 NOILNGIYLSIO 1TVHIA0  "v1 3HNDIY

D H313WVHVd IdVHS 11N8I13aM

AR

0l 09 0

0§ (0] 4 0¢ u¢e Ot
W - TTT . —

B
m N\ 16
o , A e
M / st

o
:’ o ':’7‘ v

n
’).

S

.
"y

n
i

ARNGSSITN

Y

B ‘.P' :..-‘ ,- 2
AR NN

LY

Aar
X

42
‘\ -F lv}’:

Wi

NADC-87042-60

i

2 X X

> ‘,\. x )\)/

[
« A0
) WA T W JR YIS VR

ViVa d3aNIgNOD|

.('e Lf)'..:

\’;-\;”\' '-'_ v
WS W)

2

¢'€C =D NViIIW

AL AN Y
'&‘(".‘-{ 511)'_1

A

6°'0¢ =D IVAOW

S¢

(IV101l %) IONIHHNOOO 40 AONINO3 Y

P
e
.-N

&

T W TN W -
m” AL O, + W
A A



| 98
k.

NADC-87042-60

Y

e SECTION 4

o FATIGUE DATA ANAILYSIS

o

o . .

AN The fatigue data scatter analysis has been conducted in

=) the same three phases as the static data analysis. First, the
. fatigue data from Reference 4 ("Navy" data) are analyzed in

&; detail. Second, the extensive fatigue data scatter analysis

ai conducted in Reference 16 1is reviewed; this is termed the

{31 Baseline data set. Third, the Navy and Baseline data sets are
" pooled to form a combined data set for analysis purposes.

u§ Wherever possible all test data sets are analyzed using

:E the three selected analysis methods; that is, Individual Weibull,

?E Joint Weibull and the Sendeckyj analyses. For increased analysis

N accuracy, only data sets containing five or more data points are

if used for the Individual Weibull analysis. Data sets for the

pooled analysis methods generally contain a minimum of fifteen
data points.

Ly

-
sfe 3]

Following determination of fatique life scatter using the

ﬁu three methods described above, the significance of the effects of
SON
o each test parameter on fatigue life data scatter are determined.
g‘ Significance checks are conducted using the methodology described
4 in Section 2.3.
.
NN 4.1 Navy Data
._::.
ig The Navy fatigue test data in Reference 4 represent a
w4 . |
= large variety of test variables, which are summarized in Table 1. ?
\':'-
) Tables 13 through 22 summarize the results of the statis-
éﬁ tical analyses in terms of five variables: R-ratico, loading mode,
L | laminate lay-up, specimen geometry and test environment.
v:-\ ~
Eﬂ The influence of these five variables on the individual
j% Weibull fatigue life shape parameter (ay) is presented in Figures
o 15 through 20. Test variables which have a significant influence
ig (95% significance) on a7 are denoted by an asterisk in these
W i .
o figures
>
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TABLE 13. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
R = -1 CONSTANT AMPLITUDE TEST DATA.

w ‘...-

. a_ 4w s A8
F.r x L

"'\”" [

ry v 3 r
gy

T

WEIBULL SHAPE PARAMETER
SPECIMEN

TYPE INDIVIDUAL POOLED | SENDECKYJ

al C!P as

;.E:'v
el
T _4 7
~ .

At

r
Id

L 8
r

NO L/T - 3.75 1.20

el

8
s

INT. L/T 2.4, 1.45 1.01

bl
F

-7
F S A

HIGH L/T

~y

92 2.23 1.58

T
&

[
'z x

ry r i
.

COMPLEX .69 .17 1.13

B A 2
i
[

4827
|

ALL 2.71 ! 2.40 1.23

S

»
xz

R TABLE 14. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
R =-2 CONSTANT AMPLITUDE TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN

E: TYPE INDIVIDUAL POOLED | SENDECKYJ
N a g ag

NO L/T | - 4.79 1.13
INT. L/T 1.45 o118 0.78
HIGH L/T

A COMPLEX 4.45 3.60 1.03
&

...... VU SO U U O

ALL 2.48 2.92 1.09

P R v A A A
............

~~~~~~~~~~~~ e e e e -."ﬁ ST O Tt "t T A L SN o A G S
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TABLE 15. SUMMARY OF WFEIBULL SHAPE PARAMETERS FOR
R=-c CONSTANT AMPLITUDE TEST DATA.

SR " AN NIV e A

ALL CONSTANT AMPLITUDE TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN
TYPE INDIVIDUAL | POOLED | SENDECKYJ

p ll *p “g
NO L/T - 2.67 0.60
! INT. L/T 1.08 0.80 0.52
LY
~ HIGH L/T 1.80 1.14 0.91
o
;f COMPLEX 2.33 1.62 0.57
}
? ALL ' 1.58 1.56 0.65
3
&
i TABLE 16. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR

| WEIBULL SHAPE PARAMETER
Y SPECIMEN
= TYPE INDIVIDUAL | POOLED | SENDECKYJ
= o %p g
A l
o
% NO L/T - 3.75 1.08
5 INT. L/T 1.68 1.15 | 0.79
X HIGH L/T 2.68 | 2.07 1.46
W ! i
by COMPLEX 3.07 | 2.46 |  0.91
~ : !
n.' b - - - = e JI,,,‘__‘_ —_— — e e — e e
‘o ¥ |
< ALL 2.34 [ 2.36 | 1.06
i 1
N
L%
\l(
*
-
4
4 45
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TABLE 17. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL SPECTRUM TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN
TYPE INDIVIDUAL POOLED | SENDECKYJ
a| GP (18
NO L/T - - -
INT. L/T 1.72 1.15 0.94
HIGH L/T 2.60 2.20 1.69
COMPLEX 2.14 1.90 1.47
ALL 2.09 1.75 1.37

TABLE 18. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL (16/80/4) FATIGUE TEST DATA.

WEIBULL SHAPE PARAMETER
Py SPECIMEN
i INDIVIDUAL | POOLED | SENDECKYJ
o TYPE e
::.- i aP aS
2
E
- NO L/T - 2.98 1.17
INT. L/T 2.10 1.17 0.96
“ HIGH L/T 2.67 2.22 1.49
0 COMPLEX 1.75 1.52 0.86
> I D R
" ALL 2.17 1.97 1.12
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TABLE 19. SUMMARY OF WEIBULL SHAPE PARAMETERS FOR
ALL (48/48/4) FATIGUE TEST DATA.
]
! WEIBULL SHAPE PARAMETER
SPECIMEN ——
INDIVIDUAL | POOLED | SENDECKYJ
TYPE o ; o
| | P %s
' !
NO L/T - | 4.69 | 0.99
| a
INT. L/T 1.08 l 0.92 0.65
HIGH L/T 2.60 . 2.01 1.49
COMPLEX | 2.35 | 1.55 0.90
— ]'_ S __iiH e [-..
ALL | 2.01 L 2.29 1.01
|
| TABLE 20. SUMMARY OF FATIGUE LIFE WEIBULL SHAPE
PARAMETERS FOR SPECIMEN GEOMETRY TEST DATA.
WEIBULL SHAPE PARAMETER
SPECIMEN : »
INDIVIDUAL | POOLED ISENDECKYJ
TYPE o |
| I % s
| |
NO L/T , - b 3.756 | 1.08
i | !
INT. L/T | 1.70 ©1.15 | 0.84
: ! i
HIGH L/T 2.67 - 2.06 1.48
COMPLEX | 2.74 . 2.23 1.05
| 1 :
ALL | 2.29 | 2.29 1.11

im. R i
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d
E TABLE 21. SUMMARY OF FATIGUE LIFE WEIBULL SHAPE
: PARAMETERS FOR ALL RTD TEST DATA.
"
b
3
2 WEIBULL SHAPE PARAMETER

SPECIMEN

INDIVIDUAL | POOLED | SENDECKYJ

N TYPE o
- | %p s
Wi
‘\.

NO L/T - 3.81 1.19
INT. L/T 2.03 1.28 0.97
'~ HIGH L/T 3.10 2.01 1.61
E‘ COMPLEX 3.22 2.98 1.26
ﬂ - -

ALL 2.65 2.52 1.23

TABLE 22. SUMMARY OF FATIGUE LIFE WEIBULL SHAPE
PARAMETERS FOR ETW TEST DATA.

WEIBULL SHAPE PARAMETER
SPECIMEN

TYPE INDIVIDUAL POOLED I SENDECKYJ
o i aP as

NO L/T - 3.75 0.98

INT. L/T 1.36 1.03 0.70

HIGH L/T 2.30 2.21 1.567

COMPLEX 2.39 1.7 1 0.89

ALL ' 1.97 2.18 1.04

S
|
|
i
t
i
'

LIT D2 7 AR DO AR 500 2 A L Tl S

48

1

P

o O S o T T o P T P i T, T Vo S e " Ty S e )

) 5 '!'.;.-‘ Sy -"FW g, N&ﬂ o "rt'(.' ~“: J<_ .-_ -I“: _‘_\‘;r T .'-',' '_‘.\ A -~ _"y;."_. "; .,-“. " P_,- g :": :'-.-.'.’ .‘,‘ : ‘.:’1- -\r, ™o ™ “, "&.‘J' :, PH..F- -" -f‘ . -_!,.-- e r'j
T G L L R G R L LT LR SRR AL ¢

y
i



NADC-87042-60

4
<
w
= w
w
]
w
o
°
IO R 000‘0‘0’0‘0‘0‘!. - :
. B . <
O ':’:':’:’.’.o?o.o.o.o.0.0.0. oo 4 r
-
-l =)
—l R iR 3
NI g
=
-l
3
:::o.o.‘ogo.:oo%\:'o\\.\%o 5505 ‘0;0;0;0;%:0:0'0'0;0 x E ’:
BIIRIKAZ Y '\0.3.9.9.9.9.9.9.9.9.9.?.9.9.'.0.0. '-_‘-j E =
'—
Q. r
. E -0
o z >
(&)
<
Q2
=
'"o'o'oo"fozo'o'o'o'o'o'ooo'o'o'o'o"o’c [ é (1 o
O S | L
i1f 4 «f
w =
X O <«
O o
- 8 <
L Qa
W w
3 o
£ s
-8 26
o -
a..’.’.’.’o’.’ ~, Heed
-l E :
[Te]
\\\\\\\\\\\\ &
» =2
<
-— (1
* o }
©
[V

's 4313IWVHVd IdVHS 11N8IIM

49

W7 G RN RE DR VR el e R R g e e i e N N P L Rl A TR L T C A Vi A ey o R T O B K W UL R Y. Walk "E BT 100, U W5 D Ty




g‘vvww'TW“"“"‘I’U“'W'W'W'“"!ml’.’m‘)"’ﬂ?'rjru'r.'W'“VYHHF‘*‘."‘!"-’K""‘T—F‘"‘:"‘F\'\‘T ITWITPFITR LT HOFUVRTIFTTE T RTW R TOTRAFECVEN I CVITW IR .
k]

& NADC-87042-60
!
)
A
2 =
<
w
-3
-l
-
)
o
_ \ w ;
e z .
00000 o :
- & -4 <<
N -l D g
O < o
>3
0 <
x s o5
- ' w
3 ey | W w i
w QRRARXN ~ Qs
o X o 0 <
o = S
* O o
O 4
- w
Qqa
<
O T
| ~ o
S~ w
|| - O u
O Suw
— g o
= > O
=
w
_ E Zu
y P .9
& & ~ £ o
o -l C -
:\'f o))
- . cann u-l
o T
N, Z D
F ’ - % 9
3 w
e
o™
)
Lo
S < m N - o

-§
§
T T e A M N W o T e T e T e T P Dot R T N R e S o o



)
i
|
|
!
1
J
|
|
!
1
1
]
WL )

(YLVQ AAVN) H313IWVHVYd IdVHS
3417 3NOILVE TINGITIM TVNAIAIGNE NO dN-AVT LVYNINVT 40 FONINT4NI "L 3HNDODII

M

.
Lok

1V X3TdWOD 1/71 HOIH 1/ "LNI

.
-

3O
o
e

%

\/ A

%e0ete?

O
'vkw
) y:

)

@

)
)

o
7

&
%%
\ 7
XX
o,

&S
&S

%
L/

¢

e,
°,

%o

(X )

)

)

. “
b

51
RPNy

NADC-87042-60
'L\A.

Yt

-

NV3N

L

TRCS R

-,

el

434

T ILE TTIrTTEATIE. TE AT T R T ET LS E A TR TR T T R T R R TR RARYAR R RO RAITEVVI R IFE A R OUTR AT VIR VT T R L WM T FR T A R ITRYTRIT R RS TR R T MY

X

N

o
™

'D 4313IWVHVd FdVHS 1IN8I1IM

(v/8v/sy) KX (v/o8/91) ]

e

oy {

PCYeeS

A

i
RO B

e TR AWl WA 1o mis @i n] (SalelAl el Wiy

4

WS P o Wt 3 RTINS o e e




o NADC-87042-60

9%
\
%)
Y <
' <
3" af w
{i :E
/:F"
._‘.‘\
%]
WA
il
*’

'o OSeTeTaTeTee, O T eT e eTegeeTe: '0:0:0;

S

» ] 0.0.8.0.0.0.0.0 AR, X o

k; . , Y %% o ‘o:o:o:o:::::.:o::.\.:o’o'o::::::'o’o’o'o°o’::o°o .’o:o:o ) —
I ‘ . .

i -
|4 [
. | \\\\\\\\\\\ Nt 2 &%
o - X a
F e 5 E S

TA ~

| ' = I o u
g i u
i N [ =
Ay \ E o
. <
5 \_ o
. <
o
m
2
L
o |
o
.—
<
w

o0
INFLUENCE OF SPECIMEN GEOMETRY ON INDIVIDUAL WEIBULL

‘. 0
ﬁ 3
A et I
-3 ‘ : c
% ) .
i R |
y . L X X ] '.‘O'.'.'.6%?‘%.'%'.""."'".'.'.'.'.'.'Q'.'.‘."'0" ,.-c- ‘
& b O SO SN !
N oo RIS e =y |
v ~ ) LO.0.4 L 0.9.N.9.0.9, .. .. ‘.‘.‘ Paa s .. XX X L o w w-
N \\ {
N -
8 NN N N
o
55 a «
e u.
ACH ! | | {
il - ™ ~N - o
'is >




Yy

NADC-87042-60

S P

MEAN

&
3
g
3
K

¥
CR PR
a At

Y Voo

AR P

e

-*

’

BT

¥ 'D 43LIWVHVYL IdVHS 1IN8I1IM
W

13{';

% 3

-

R O A P A R RIS

HIGH L/T COMPLEX ALL

INT. L/T

« Significant

INFLUENCE OF TEST ENVIRONMENT ON INDIVIDUAL WEIBULL FATIGUE

LIFE SHAPE PARAMETER (NAVY DATA).

FIGURE 19.




(VIVA AAVN) H3L3IWVYHYd IdVHS J417 INDILVE TIN9IIM
AVNAIAIGNI NO S31789VIHVA 1S3L 717V 4O 3ON3NT4ANI 3HL 40 AHVAWNS "0¢ 3dYNDIL

ueoubls  »

INIWNO AHLIINO3O 3A0N
-HIAN3 N3IWID3dS dN-AV1 O9NIAVO1 Ollvid-4

2l LAl tah tAlerAlstaia Al il Alhe i ik SAON _RA S SAE. AV AR AR AN L A VR 2 e Tk "B TRt IRAE Nl TR Y N ESX TN W TR Y \_qT
} ]
J ‘

=

m

3 o
g c
: Vo
2 »
o

“1NI = , 7

‘ ML3 a3 ! 1° 2

_ NV3W O 98 >

Yo _MLL =

aLy HOIH T - 0

- m m

o o]

X31dINOD o

r’ -

-~ - .\ﬁnc.y\ﬂ.\.-\.d\ﬁnnﬁv{ 3 \Uﬂﬁlﬁu.ﬂ. . r u..hKF\ y’% . l-VlANI R g
T RGE OO0 et L TR A G L E oo

a0

Y

RN S
) riﬁ.hﬁi G

N“‘”Q'F".‘."l
.\JA.QV‘A %

K

\

M

“‘r"k.r
7 4%

»

ALY

A
ry

$efia

o

» e

Tt

ACRY - .,
WL o o

-lr_‘f‘ ‘“AF P
TR

Y

54
L
aXalt

'

* s

PRIt
L X

L%
-

ek

S

r’r{
F

poig

Ty
e

-ﬂ#!fw ; b

l).

,’.i

W

-

Ty

]



{
[}
1
1
{
1
{
1
]
1
q
1
[}
1
[}
1
1
1
1
1
{
1
)
|
|
i
i
i
‘
1
1
[
1
]
1
1
1
1
1
1
!
]
14
i
1
¥
1
1
]
»
n
]
1
]
‘
"
i
a
1
2
2

Eoa

5

o

e

7 -:(s.

MM A =
Ve

O

"Nl E  SOnES S

T,

»

3
&
;1:.
'S

LHPIY WY (2

Zre

»

NADC-87042-60

Figure 15 shows the influence of R-ratio on ag for each
specimen type and the total (all) data set. The results for the
total data set show that R = -oo loading produces a significantly
lower ay and higher life scatter than both the R -2 and -1
loading modes. This observation is also significant for the
intermediate and high load transfer specimen data sets. However,
the complex specimen data set shows a different trend, in that
the R = -2 loading mode has a significantly higher ay and lower
scatter than the other loading modes.

Figure 16 presents the influence of fatigue loading mode
on fatigue life scatter. For the total (all) data set, there is
no significant difference between the aj values for constant
amplitude and upper wing spectrum loading modes. This conclusion
also holds for the intermediate and high load transfer specimen
data sets. In contrast, for the complex specimen, constant
amplitude data have a significantly higher ap and lower life
scatter than the spectrum fatigue data.

Figure 17 presents the influence of laminate lay-up on
fatigue life scatter. For both the total (all) data set and the
individual data sets a1 is not significantly influenced by lami-
nate lay-up.

Figure 18 presents the influence of specimen geometry on
fatigue life scatter. For the total (all) data set, the interme-
diate load transfer joint shows a significantly lower a1 and
higher fatigue 1life scatter than the high 1load transfer and
complex specimens. This trend is also observed for the individu-
al R = -1, =2 and -oc data sets; however, it is only determined to
be statistically significant for the R = -2 data.

Figure 19 shows the influence of test environment on
fatigue life scatter. The total (all) data show that RTD test
data have a significantly higher a1 and lower fatigue life scat-
ter than the ETW test data. This trend is also observed for all
three specimen geometries. However, it is only statistically

significant for the intermediate load transfer specimen.
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F\'

R
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=,

tx Figure 20 summarizes the influence of all five test varia-
N

b bles on fatigue life scatter (ay) for the total Navy data set.
\ The following conclusions can be made from the data in this
.

N, figure.

L4

N ® Compression-compression (R = =-o) fatigue loading pro-
n duces a significantly higher fatigue life scatter than
. compression-tension (R = -1 and -2) fatigue loading.

“

® There is nc significant difference between fatigue life
scatter for constant amplitude and spectrum loading.

i S0

Laminate lay-up does not significantly influence fa-
tigue life scatter.

2 a8
o

- £ _
o
[

Intermediate load transfer specimen fatigue life scat-
ter is significantly higher than high load transfer and
complex specimen fatigue life scatter.

it o
ol

5 ' %

® The RTD test environment produces significantly lower
fatigue life scatter than the ETW test environment.

e

Detailed analysis of all the Individual Weibull shape
parameters, ag, showed that neither fatigue load level nor fa-
tigue life has any significant influence on af. Typical data

- (FIN ST

ek

analyses supporting this conclusion are shown in Figures 3, 21

L

Pt

excluded the no-load transfer open hole specimen data because

. and 22, respectively.
The fatigue life shape parameters determined by the Joint
& Weibull and Sendeckyj analyses (which are presented in Table 13
x. through 22) also show similar trends to those presented for the
5: Individual Weikull analyses in Figures 15 through 20. However,
%» the methods pr .uced different absolute values of the fatigue
. life shape parameter. Comparisons of the three methods are shown |
E in Figures 23 through 29 and Table 23. Figure 28 s ows a compar-
fﬁ ison of the mean a values determined for each analysis method.
%l It should be noted that the data base used for this comparison

these data were inadequate for individual Weibull analysis. The

comparison in Figure 28 shows that the Individual Weibull analy-
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sis gave the highest a wvalues and the Sendeckyj analysis the

R

A lowest a value. Significance <checks determined that the
Wy . . , s

? Sendeckyj mean a value was significantly 1lower than both the
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FIGURE 28. INFLUENCE OF FATIGUE LIFE SCATTER ANALYSIS
METHOD ON WEIBULL SHAPE PARAMETER -
ALL NAVY DATA.

LAy
"

AT )%

b A

LI
Al
Matald

<
.

Ty~
»

A e

Py

.
Lo Y e T R R S S U S S A L P e U N S A S T

I T T R T T S i R I VS P SRS VS A S L
N Pt e TR S a C L Lt L S T A A LA EL L "SRR ORI ER %y |



NADC-87042-60

L\
) <
| oo W b
NN~ ®© w
t : -
3 NN i\ w
; c C c 2
o
= £
o - w
! go 5 Z
5 aw g 3 O
>3 2 & o
22 & a9
Z g 7] W =~
= W«
B : c:
: £ 58
[ ] & w>-
| 22
! g 2
o g <
< Z Z
& “a
¢
(v
Z
-
- EQ
> -
@ <5
w S
= 4
w
Oon
w o
T
z
W
S -
<
Lo
Z o
o
N
i
o o
© T

(V101 %) SION3IHHNODO 40 ADN3ND3IHI

65

-

NSRS Gt b H B o R RN S AR 8 L B g o N R RGNS




NADC-87042-60

]

A

=

7

23

-

(So) 75

o¥°0 001 14 (4] FANO3AN3S =

) 4

120 SG°1 2Ll 62 1IN8IIM LNIOP g

_ (' ©) o HN

L1L°0 T AN 62°C voe T1IN8I3M TVNAIAIGNI e
e

0 0 [ o] _ .....J
Q3ZIVNV s

isva-g 1va vaw A

Sis oW N sl13s viva GOHLIW SISATVYNY 7]

H3IL1IANVHYL IdVHS 1INSIIM 40 Y3gwnN

fu.

5

-

(VLva AAVN) HILIWVHYd IdVHS 1INGIIMm

3417 3NOILYd NO QOHLIW SISATYNY 40 ION3INIINI €2 319Vl x,

e

B R RSN T RS S S R i L



findafer Alotaiia bl bt e MR s Al e A A M AR e A Al AR e A At Aas Al e A e Al Al Al Al Sl Al A e A AR ARRAANS Abas A -hin ciRa Al RIS A

NADC-87042-60

Individual and Joint (pooled) Weibull analysis a values. This
indicates that the Sendeckyj analysis gives a higher scatter in
fatigue 1life. The trend observed in Figure 28 is anticipated
since the two pooling techniques are unbiased compared to the
arithmetically averaged Individual Weibull a values. Figure 29
compares the fatigue 1life scatter distributions determined by
each analysis method and Table 23 summarizes the mean, modal and

B-Basis a values determined from each of these distributions.

The influence of fatigue failure mode on fatigue 1life

scatter was investigated for the high 1load transfer specimen

fatigue failure data. In these tests, two failure modes were
consistently observed. They were: laminate rupture and hole
wear-out. The test data are analyzed in two ways. First as a

total data base and second, the laminate rupture failures are
censored from the data base. Figure 30 presents a comparison of
the fatigue life scatter values for the two data bases. The data
show that the fatigue life scatter is the same for both data
sets. Thus, it can be concluded that the mixed failure modes did

not increase fatique life scatter for the high 1load transfer
specimen.

4,2 Baseline Data

The baseline data analysis was conducted in Reference 16
on a wide range of graphite/epoxy fatigue data. A summary of the
data analyzed in the reference is shown in Table 24. A total of
120 sets of graphite/epoxy fatigue data with 2925 data points |
were used 1n the Sendeckyj analysis. Among the data 59 data sets
with 830 data points were found adequate for individual Weibull

analysis. The results of the individual Weibull analysis are
shown ir Figure 31. These results are compared with that of the
Navy data. Figure 32 shows a comparison of the distribution of

the individual Weibull shape parameter values for the Navy and
baseline data. The distributions are very similar, except that
Navy data show a slightly higher dispersion.
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TABLE 24. SUMMARY OF COMPOSITE FATIGUE TEST DATA
ANALYZED IN REFERENCE 16.

I S s SN ik sl S

ANALYSIS NOQ. OF NO, OF AVERAGE
METHOD MATERIAL DATA SETS DATA POINTS SAMPLE SIZE
SENDECKYJ GRAPHITE/EPOXY 120 2925 24
GRAPHITE/EPOXY 59 830 14
INDIVIDUAL
WEIBULL €-GLASS/EPOXY 26 450 17
STEP-LAP 23 419 18
BONDED JOINT
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FIGURE 30. |INFLUENCE OF MIXED FAILURE MODES ON
FATIGUE LIFE SCATTER (NAVY HIGH LOAD
TRANSFER DATA).

A TAR B S LD LTI

. 69
X
D
\wrr-\ {\-\J“‘ ‘-_“~J-d- ‘ -.~.- i ,‘\\
&.& k"’x\{hﬁ.\.h,\). ;:,- ;..\.&.;t“x..h L._AL "Q{:.'Ch‘:)_ Y nh.li 1.!&. nﬂﬁ‘ll’iﬁh’hﬁ_._ w R, .3 At .‘Ah_ 15“‘)1)‘{‘&.1‘?4!?)\4 i"):\_r L.)- 1



LA aRa L AAS RALAAR Sl Sk Al i Sl bl Aol bl thal Al A B A A 0 B RN SVA S0 WW AN WM s T T ia Y e e A Ne MGs Wte W, |

NADC-87042-60

DN
o
o
M
ol
R
~
4 <© :
< <
> u "
o
0 @
1
< c H O S g
m c o
» w ~
5 b Z
= i
< @
a
uw
a @«
< a
I _
® B o
'—
3
> ] D 9
Ll
o = .
-
w
| p— =
o
e
- T
o é
ul !
) | o g
o o o o ©
8] N - w

(VL1041 %) S3ON3HHNOO0 40 AONINDIYHA

X

x

2

£
— 7
@ 0

h
., LR . P . ERVN s ~ - R - ~ g - -~ - W L™ . » P WY . LU -
BN e A L o A M T DI T R T A T B A T Ve 7 e S 2 P St S e M A



TV TS TR Ry A T TF7 TR I TRITIF A I A TP U A  TIRT TRFI RNV T RIT IRy TanmEaErafmarm amaT Ty e R T FA Ry " vy Py "R "R "7 Vi A i v sve

NADC-87042-60

- N

— NAVY (n =204)
- == BASELINE (n =589
5

3
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COMPARISON OF THE FATIGUE LIFE SCATTER DISTRIBUTIONS FOR

NAVY AND BASELINE DATA.
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4.3 Combined Data

The Navy and baseline data sets are pooled to form a
combined data set. The distribution of a values for the combined
data set 1s shown in Figure 33. Table 25 presents a comparison
of the mean, modal and B-Basis ¢« ‘lues for the Navy, Baseline
and combined data sets. All three data sets have the same modal
a value. The Navy data have a higher mean a and a lower B-Basis
a value than the Baseline data. This implies less fatigue life
scatter in the Navy data, but more dispersion in the distribution
cf the a values. However, statistical significance checks showed
that the differences in Mean and B-Basis a between the Navy and
Baseline data sets is not significant.

Based on detailed comparisons of the Navy fatigue data
with the extensive Baseline fatigue data base, it can be con-
cluded that the Navy data fits well within the overall composite
fatigue data base.

4.4 Comparison of Static Strength and Fatique Life Scatter

Distributions

Figure 34 shows a comparison of static strength and fa-
tigue life scatter as determined by the Individual Weibull analy-
sis. It can be seen that the fatigue life and static strength
scatter distributions have similar shapes. However, fatigue life
exhibits significantly more scatter than static strength.

4.5 Comparison of Composite and Aluminum Fatigue Life Scatter

An extensive investigation of fatigue life scatter in 2000
and 7000 series aluminum alloys was conducted in Reference 17.
The fatigue 1life scatter data in this reference are used to
generate the scatter distributions shown in Figure 35. It should
be noted that the fatigue life scatter data in Reference 17 are
carefully censored, such that only data sets containing tfive or
more data points are included for the analysis in Figure 35,
Figure 35 shows that for these aluminum alloys, the fatigue life
scatter distributions are significantly affected by loading mode.

Spectrum fatigue loading exhibits significantly less fatigue life
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TABLE 25. COMPARISON OF FATIGUE LIFE SHAPE PARAMETERS
FOR NAVY, BASELINE AND COMBINED DATA SETS.

ol B-BASIS
o2 a

;"..-:’

R

NAVY 2.29 1.25 0.17

BASELINE 1.68 1.25 0.26

COMBINED 2.17 1.25 0.18
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W

ii scatter. This is different from that observed for graphite,epoxy
iﬁ composites, where Figure 36 show that constant amplitude and
l. spectrum loading exhibits very similar life scatter. The reason
gg for this difference is related to the relative slopes of compos-
> ite and aluminum stress-life curves. Composite S-N curves are
7 relatively flat and have approximately a constant slope. This
g leads to composite life scatter being independent of fatigue load
:ﬂ level and fatigue life as shown in Figure 3, 21 and 22. In
:3 : contrast, aluminum alloys have S-N curves which vary considerably
Eﬂ ' in slope. The slope decreases as fatigue life increases. This
‘ causes fatigue life scatter in aluminum alloys to increase as

fatigue life increases (Reference 17). 1In spectrum fatigue tests
of aluminum alloys, the major part of the total damage is caused

-
;q by the higher load levels. Thus, spectrum tests are effectively
.

g¥ low-cycle, low-life fatigue tests (even though the total number

of spectrum cycles is large) and will, therefore, exhibit lower
life scatter.

ii Figure 37 shows a comparison of the fatigue life scatter
y distributions for graphite/epoxy composite and aluminum. The
ﬁ; aluminum spectrum loading life scatter is used in this comparison
;: since certification testing is invariably conducted under spec-
N trum loading. Figure 37 shows that graphite/epoxy laminates

B exhibit considerably more life scatter than alumir.am alloys.

. Table 26 presents a summary of ratiqgue life shape parame-
:; ters for graphite/epoxy, E~-glass/epoxy and aluminum. The data
show that both graphite/epoxy and E-glass/epoxy exhibit similar
life scatter, which is significantly higher than that exhibited §
by aluminum alloys. l
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WEIBULL SHAPE PARAMETER a
INFLUENCE OF FATIGUE LOADING MODE ON COMPOSITE

LIFE SCATTER (NAVY DATA).

FIGURE 36.
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SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

LA T

L D |

Conclusions

t;;l o
|
I

Based on the results of Task I data analysis, the follow-

ing conclusions can be made:

1. Navy data (Reference 4), both static strength and

£

P T

'; ‘ fatigue life, fits well within the overall composite
data base published in the literature.

3

g; 2. Composite fatigue life exhibits significantly higher

:% scatter than static strength (more than one order of

L s .

'\ magnitude in Weibull shape parameter).

3. Composite fatigue life scatter is significantly higher
than that exhibited by aluminum alloys.

4, Composite static strength scatter is not significantly
influenced by test variables such as loading mode,
specimen geometry, test environment and laminate lay-
up.

5. Composite fatigue life scatter is not significantly

influenced by load level, loading mode, laminated lay-
up, fatigue life, and failure mode. This justifies
the use of pooling techniques in fatiqgue data analy-

sis,

6. Composite fatigue life scatter may b.. influenced by R-

v
3 e

e R P A

ratio, specimen geometry and environment.

e I
Tt

’ E-'_-l iy
wm
no

Recommendations |

This section contains recommendations for <statistical i
analysis techniques for the determination of composite data

scatter and static strength and fatigue life scatter values.

1. The two-parameter Welbull distribution is recommended
for static strength and fatigue life test data scatter

™ analysis for the reasons stated in Section 2.

¥ 81
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2. The use of a Weibull analysis for fatigue life scatter
determination requires a large number of test replica-
tions at each stress level. Where these types of data
are not available or it is uneconomic to obtain such
data, a pooled analysis method is recommended. The
recommended pooling analyses are the Joint Weibull
analysis and the Sendeckyj analysis.

3. It is recommended that the modal values of a calcu-
lated from the combined data base for static strength
and fatigue life be used to determine graphite/epoxy
scatter factors. The values are:

Static Strength a, = 20.0

Fatigue Life a, =1.25

Although both the static strength and fatigue life Weibull shape
parameters were shown to be significantly influenced by some test
parameters, single values are recommended for the following

reasons:
(1) Simplicity

(2) Modal a values are lower than mean a values
and, therefore, represent conservative val-

ues.
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